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Abstract Effect of dissolved ferrous iron [Fe(ll),q =
0-1.0 mM] on stability of schwertmannite containing
~40 wt% Fe(Ill) and 15 wt% SO,>~ [with and without
0.92 wt% sorbed As(I)] was investigated in anoxic
alkaline conditions at pH 8 for 154 h. New product for-
mation, sulfate, iron, and arsenic release kinetics were
examined using diffractogram, microscopic, spectroscopic
and geochemical techniques. Both schwertmannite types
were incompletely transformed to lepidocrocite with a
platy tabular morphometry. Product formation was accel-
erated with increased Fe(Il),q, while sorbed As(III) mark-
edly hindered lepidocrocite formation. Almost 50-57 % of
the SO,>~ was released from schwertmannite within 154 h
in the absence of Fe(ll),q, while its presence inhibited its
release. Some of the sorbed As(III) was released during
lepidocrocite formation with a maximum in the presence of
1.0 mM Fe(ID),q (0.02 %, 21 ng Lfl), presumably due to
catalytic action of Fe(I),q on schwertmannite dissolution,
which likely re-precipitated as lepidocrocite with consid-
erable surface-adsorbed SO,°.
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Introduction

Iron (hydr)oxides precipitated in and near mine tailings
play an important role in acid mine drainage (AMD)
affected soil and water quality by acting as potential nat-
ural sinks because of their high retentive capacity for trace
metals (Carlson et al. 2002; Courtin-Normade et al. 2005;
Fukushi et al. 2003; Webster et al. 1998; Winland et al.
1991). The amorphous or poorly crystalline minerals, e.g.
schwertmannite (STM), are the earliest formed precipitates
and are subsequently transformed to more crystalline
forms, such as goethite (Gt), via dissolution-reprecipitation
and solid-state transformation. This ultimately leads to co-
occurrence of these phases in most AMD localities (Acero
et al. 2006; Davidson et al. 2008; Jonsson et al. 2005;
Regenspurg et al. 2004).

Schwertmannite (ideally FegOg(OH)gSO,), the brown-
ish-yellow, poorly crystalline Fe(Ill)-oxyhydroxy sulfate
precipitate that structurally resembles akaganéite, is stable
in a narrow pH range between 3.0 and 4.5 (Bigham et al.
1990, 1996). Its stability when exposed to alkaline envi-
ronments draws special research attention (Collins et al.
2010; Johnston et al. 2011; Jonsson et al. 2005; Regenspurg
et al. 2004; Wang et al. 2006) because it is a better trace
metal scavenger than its more crystalline counterparts
(Paikaray et al. 2014). STM transformation kinetics in oxic
conditions has demonstrated that pH is the critical con-
trolling parameter, with elevated pH conditions accelerat-
ing STM dissolution and Gt formation (Eq. 1) (Acero et al.
2006; Jonsson et al. 2005; Kumpulainen et al. 2008; Pai-
karay and Peiffer 2012; Schwertmann and Carlson 2005).
Hematite forms at high temperatures (>600 °C; Henderson
and Sullivan 2010), but, its formation rates in oxic and
even alkaline pH conditions is extremely slow, taking a
few months or even a year for complete formation (Jonsson
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et al. 2005; Knorr and Blodau 2007; Kumpulainen et al.
2008; Paikaray and Peiffer 2012; Regenspurg et al. 2004);
the presence of anions or trace metals further retards the
rate marginally (Acero et al. 2006; Jonsson et al. 2005;
Paikaray and Peiffer 2012; Regenspurg et al. 2004; Schroth
and Parnell 2005).

FesO3(OH) (SO4),+2xH,0 — 8FeOOH + ySO}~
+2xHT,

(1)

where x=8 -2y, 1<y<1.75

Fe-respiring bacteria add continuous flux of Fe(Il) into
most AMD-affected areas. Bacterial Fe(Ill)-reduction
processes are coupled with generation of alkalinity, hence
driving conditions away from the STM stability window
(pH 3.0-4.5, Bigham et al. 1990, 1996). Burton et al.
(2008) demonstrated complete STM transformation to Gt
in the presence of 1-10 mM Fe(Il),q at pH >5.5, where the
rates were controlled by increasing Fe(Il)yq. Similar
observations have also been reported in coastal low lands
in Eastern Australia (Burton et al. 2007, 2008), with for-
mation of iron sulfide minerals like mackinawite. However,
the effect of Fe(Il),q below 1 mM is still unclear.

The precipitated STM in such localities are often rich
in As(III)/As(V) due to STM’s high sorptive affinity,
which in turn is due to STM’s high surface area
(>200 m? gfl), exchangeable SO,*~ (&35 %), and poor
crystalline nature (Egal et al. 2009; Morin et al. 2003;
Webster et al. 1998). This is important since the
mobility of sorbed arsenic can adversely influence mine
water geochemistry. For example, high As enrichment in
Bangladesh groundwater, which seriously affects ~70
million people, is believed to be caused by reductive
dissolution of iron oxides in alkaline conditions
(McArthur et al. 2001). Fukushi et al. (2003) and Re-
genspurg et al. (2004) demonstrated how the presence of
dissolved As can enhance STM stability against miner-
alogical transformation, where slow oxic transformations
cause negligible As release (<1 %, Acero et al. 2006),
and how As can be totally re-adsorbed onto STM (Pa-
ikaray and Peiffer 2012). On the other hand, research on
such aspects during rapid transformation in Fe(Il),q-
enriched environments is rare. Burton et al. (2010)
demonstrated hindrance of transformation rates and
product formation by adsorbed As(III). Their study,
however, maintained a constant pH of 6.5 and Fe(Il),q
(10 mM), with 1 mM of As(Ill) present in the aqueous
phase, and concluded that Gt formed after 9 days of
ageing (Burton et al. 2010). The -catalytic effect of
Fe(Il),q on prior As(Ill)-sorbed STM metastability needs
to be addressed. The present research investigated how
trace amounts of dissolved Fe(Il) (<1.0 mM) affects
STM metastability in an alkaline (pH 8.0) medium, and
its consequential influence on aqueous geochemistry.
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Materials and Methods
Schwertmannite Samples

Two STM types, with (SHM-As) and without (SHM) sor-
bed As(III), were used in this study. SHM was synthesized
through bacterial oxidation of Fe(Il) from SO, -rich
aqueous phase at GEOS, Freiberg, Germany between pH
2.9 and 3.2 (Glombitza et al. 2007). The brownish yellow
precipitates were air dried at room temperature (RT,
22-25 °C) after synthesis and the sieved particles
(<63 um) were used without further treatment. As(IIT) was
loaded (100 mg L™") onto part of the SHM in oxic con-
ditions during 5 days batch equilibrium studies at pH 3.0
using 10 g L™" sediment load. The solid phase was sepa-
rated by centrifugation at 4,500 rpm for 15 min (Centrikon
T-42 K, ALC International Srl. Italy), oven dried
(~30 °C), and stored at RT. Mass balance calculations
yielded 0.92 wt% As(IIl) loading in the solid phase;
extended X-ray absorption near-edge structure (XANES)
spectroscopic investigation showed no As(III) surface
oxidation to As(V) (&5 % instrumental error) (Paikaray
et al. 2011, 2012).

Transformation Experiments

The glass serum reactor vials were conditioned in 10 % (v/v)
HNOj; overnight and then rinsed with milli-Q H,O several
times before starting the transformation. All chemicals
were of analytical grade and most solutions were prepared
fresh when required, using ultrapure N, (95 % N, + 5 %
H,) purged milli-Q H,O, which had been purged for at
least 2 h to ensure complete deoxygenation. A glove box
was conditioned for 15 days prior to starting the ageing
experiments by purging 3—4 times daily with ultrapure N,
gas and then was regularly purged 3 times during the
ageing experiments.

Ageing experiments were conducted at pH 8.0 for 154 h
using 0.25 g of SHM and SHM-As in 25 mL O,-free milli-
Q H,O in the presence of 0, 0.4, 0.7, and 1.0 mM Fe(II),q.
Appropriate quantities of FeCl, stock solutions (0.1 M) and
2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulphonic acid
sodium salt (HEPES-Na, pK, = 7.66) buffer was used to
adjust the Fe(Il),q and pH before adding the solid phase. As
equilibration of STM with aqueous phase requires several
days (Paikaray and Peiffer 2010) and is susceptible to
mineralogical changes at such high pH conditions, the
ageing experiments were investigated without pre-equili-
bration. The reactor vials were sealed immediately and
tumbled in an overhead shaker. A pair of the reactor vials
was collected at regular intervals, the aqueous phase was
separated by filtration (0.45 um ROTH filter), and the solid
phase was air dried inside the glove box.
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Analytical Methods

Mineralogical investigations were carried out using a
SIEMENS D5000 X-ray diffractometer with a Co-K,
radiation source. The samples were scanned four times
between 10 and 80° 20 using 0.20° 20 step size and 15 s
count time; the averaged diffractograms are presented here.
Surface functional groups were examined by Fourier
transform infrared (FTIR, Vector 22, Bruker Optik GmbH,
Ettingen, Germany) spectroscopic technique using OPUS-
NT software. Pellets were prepared by homogenous mixing
of 2 mg of sample with 200 mg of KBr at ~8 kbar pres-
sure and scanned between 350 and 4,500 cm™! with
1 cm™! resolution. A total of 32 scans were collected for
each measurement in transmission mode; the background
spectra were subtracted automatically by background scans
before running the samples. Scanning electron microscopic
(SEM) study was carried out using a LEO 1,530 equipped
with a Shotky cathode and GEMINI column with ZrO,
radiation source (ZEISS, Germany). The powdered sam-
ples were mounted on a carbon tape, which were sputtered
in a Cressington sputter coater 208 HR with 1.3 nm Platin
(~1 min, 40 mA) and imaged at 3 kV. The specific sur-
face area (SSA) was determined by a five point N, point
adsorption isotherm (BET) method (Gemini 2375 v 5.01).

Iron and SO,*~ were measured spectrophotometrically
(Cary 1E, Varian Analytical Instruments, Darmstadt, Ger-
many) at 512 and 420 nm wavelength using the 1,10-
phenanthrolene (Tamura et al. 1974) and BaCl,—gelatin
(Tabatabai 1974) method, respectively. The pH was mea-
sured using a Mettler Toledo Inlab 420 electrode, cali-
brated using pH 4.0 and 7.0 buffers. Arsenic was
determined by atomic absorption spectrophotometetry
(AAS) equipped with a graphite furnace (AAS ZEEnit 60,
Analytik Jena AG, Jena, Germany) at 193.7 nm.

Results and Discussions
Characterization of Schwertmannites

The poor crystalline nature of both specimens (SHM and
SHM-As) can be inferred from the general broad XRD
patterns (Fig. 1a) with the three common SO,*~ IR
absorption bands typical of STM, at 1,120 cm™ L v3(SOy);
981 cm™': v{(SOy4), and; 610 cm™': v,(SO,), Fig. Ib
(Bigham et al. 1990; Boily et al. 2010). The appearance of
the low intensity IR band at = 1,385 cm~! and overall
morphological degradation of the SHM-As (Fig. 1d) is
believed to be due to As(IIl) retention (Paikaray et al. 2011,
2012). Sorbed As(III) (0.92 wt%) caused a slight increase
in SSA from 14.7 (SHM) to 17.1 (SHM-As) m” g!
(Table 1). This represents slight differences in properties

between the two specimens before ageing. Elemental
analysis yielded FegOg(OH)46s4 (SO4);6s and FegOg(-
OH), g, (SO4);1 50 as the chemical formula for SHM and
SHM-As, respectively.

Product Formation

The diffractograms of the transformed products after 5, 10,
58, 106, and 154 h for SHM and only 58, 106, and 154 h
for SHM-As (no changes <58 h) are shown in Fig. 2 and
Fig. 3, respectively. Typical schwertmannite diffractogram
peaks at 0.152, 0.168, 0.191, 0.230, 0.254, and 0.330 nm
were seen in all the samples, even after 154 h, in the pre-
sence of 1.0 mM Fe(Il),q, showing the continued existence
of STM in the final transformed phase. Broad XRD peaks
were noticed at 0 and 0.4 mM Fe(Il),q until 154 h ageing,
with a slight sharpening indicating that STM crystallization
increased as Fe(I),q was increased to 0.7 and 1.0 mM. In
the case of SHM, lepidocrocite (Lp) appeared together with
STM after 106 h in the presence of 0.7 and 1.0 mM
Fe(Il),q until 154 h of ageing (0.626, 0.329, and 0.247 nm
d-spacing). In the case of SHM-As, although most of the
STM peaks were diminished, except at 0.254 nm in the
presence of 0.7 mM Fe(Il),q, traces of Lp were visible in
the presence of 1.0 mM Fe(ll),q after 106 h, indicating
slow transformation rates due to sorbed As(III). However,
the appearance of Lp diffractograms in both specimens
occurred together with STM and did not show XRD evi-
dence of complete transformation to Lp, even after 154 h
in the presence of up to 1.0 mM Fe(Il),q.

Splitting of the 1,120 cm™' v3(SOy) peak and the
appearance of a 1,050 cm™' peak and a low intensity
1,022 cm™ ' IR band (Fig. 4) further indicated formation of
new minerals, with the latter low-intensity peak indicating
Lp formation (Cornell and Schwertmann 2006; Liu et al.
2007b).

Only morphological degradation of STM was observed
from SEM images up to 0.4 mM Fe(Il),q, supporting the
diffractogram indication of no new mineral formation.
Growth of Lp crystals on SHM was observed at 0.7 mM
Fe(Il),q, while complete morphological decay without any
evidence of Lp crystals was observed in the case of SHM-
As. On the other hand, well-grown platy Lp crystals
(thickness <1 nm, Fig. 5) together with STM were noticed
in the presence of 1.0 mM Fe(Il),q, with both specimens
confirming XRD findings of Lp formation. Nevertheless,
the transformation remained incomplete and both Lp and
STM were found as the final product after 154 h ageing.

Both the XRD and SEM observations of the transformed
products indicate that: (1) STM transformation was accel-
erated by increased Fe(ll),q, possibly through catalytic
action, and was strongly dependent on ageing time, (2)
sorbed As(III) substantially hindered the Fe(Il) catalytic
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Fig. 1 a X-ray diffractograms, b FTIR spectra, ¢ SEM images of
SHM, and d SHM-As. The y-axis in a and b are intensity and
transmission, respectively. The SHM denotes schwertmannite without

Table 1 Characteristics of Schwertmannites

Samples SSA (mZ/g) As(II) (wt%)  Chemical formula
SHM 14.7 0 FegOg(OH)4.64 (SO4)1.68
SHM-As 17.1 0.92 Fegog(OH)4_82 (504)1_59

effect on transformation, and (3) STM was transformed to
platy Lp incompletely after 154 h of contact with 1.0 mM
Fe(Il)oq phase, which indicates the requirement of more
Fe(Il)oq for faster and complete transformation to a crys-
talline phase. Such an effect was reported by Burton et al.
(2007), who found better crystalline Lp and Gt formation
as Fe(I),q concentrations increased to 40 mM. However,
those authors found that Gt was the major phase after 24 h
ageing, even in the presence of 1.0 mM Fe(Il),q at pH 6.5,
which disagrees with the present observations. This could
possibly be due to the lower sediment:solution ratio
(8 g L") in their study, compared to ours (10 g L™"); less
mass would have more easily transformed to stable end
products. Lepidocrocite (y-FeOOH) is considered to be an
unstable iron oxyhydroxide that finally transforms to Gt or
Hm depending on aqueous pH and temperature, but this
reaction is reported to be very slow at ambient temperature
and neutral pH (Cornell and Schwertmann 2006; Pederson

@ Springer

adsorbed As(IIl), while SHM-As denotes schwertmannite adsorbed
with 0.92 wt% As(II)

et al. 2005, 2006). The present study demonstrates that Lp
can form from STM, at least in the presence of 1.0 mM
Fe(Il)oq. Burton et al. (2010) showed complete transfor-
mation of STM to Gt within 9 days of ageing in the pre-
sence of 10 mM Fe(ll),q where the presence of sorbed
As(ID) (=~ 1.5 wt%, 30-34 % oxidized to As(V)) resulted
in incomplete transformation (=72 % Gt); they did not
find evidence of Lp after 9 days, as we found. Their higher
Fe(Il),q and elongated ageing period might explain such a
complete transformation to the stable mineral phase; Lp
might have formed as an intermediate phase and then
rapidly transformed to Gt.

Iron and Sulfate Release Kinetics

Neither Fe(II) nor Fe(Ill) were detected in aqueous phase
for either SHM and SHM-As throughout the 154 h ageing
period, indicating that either all of the initially used Fe(Il),q
(0.4-1.0 mM) was consumed by the STM during trans-
formation or sorbed onto the transformed products, or
aqueous Fe(Ill) from dissolved SHM/SHM-As rapidly
reprecipitated prior to the first measurement (after 5 h).
Schwertmannite was still found as a major mineral phase
after 5 h of ageing. Thus, the complete consumption of
Fe(Il),q indicates that the amount that might have been
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Fig. 2 X-ray diffractograms of transformed products and original
(marked as original) schwertmannite (SHM) at 0.0 (a), 0.4 (b), 0.7
(c) and 1.0 (d) mM Fe(Il),q. The diffractograms from bottom to top
represent transformed products after 5, 10, 58, 106 and 154 h,

adsorbed onto STM possibly triggered its dissolution,
resulting in enhanced aqueous SO, (see “Discussion”)
instead of adsorption onto the transformed product. Liu
et al. (2005, 2009), based on a Fe(Il) catalytic study on
ferrihydrite (Fh) and J-FeOOH, reported an increase of
Fe(l),q concentrations during the original mineral disso-
lution. However, their reactions were investigated for only
30 min and Fe(ll),q increased, causing a transformation to
Hm as Fe(Il) acted as a catalyst for rapid dissolution of Fh
and 6-FeOOH.

Similarly, no pH change was observed during any
sampling period, in contrast to Burton et al. (2007), indi-
cating that the reactors were well buffered against the large
proton release during STM dissolution (Eq. 1) to maintain
the pH at 8.0. On the other hand, significant SO,*~ was
released from both specimens; maximum release was
observed in the absence of Fe(ll),q [~57 % (SHM) and
~50 % (SHM-As)] and the least release was observed in
the presence of 0.4 mM Fe(ll),q [~45 % (SHM) and
~44 % (SHM-As)] after 154 h (Fig. 6a), demonstrating

respectively. The y-axis in is intensity. The sharp peak at ~0.336 nm
in few samples, especially in 0 mM Fe(Il),q, may be arising because
of background noises

that dissolution of original STM had occurred. Previous
researchers have shown that almost 33-35 % SO42_
adsorbs onto STM surfaces, which can be easily released
through dissolution or exchange during sorption processes
(Bigham et al. 1990; Jonsson et al. 2005). However, the
50-57 % released fractions in this study clearly indicate
release of structural SO,°~ in addition to the surface-
adsorbed fractions commonly observed in oxic conditions
(Acero et al. 2006; Jonsson et al. 2005; Paikaray and
Peiffer 2012; Peretyazhko et al. 2009). The negative
influence of Fe(Il),q on SO,>~ release contradicts previous
reports by Burton et al. (2010), who reported increased
S0, release from 59 to 61 % as Fe(Il),q concentrations
increased from 0 to 10 mM during 9 days of anoxic ageing.
Those authors conducted their study at a pH of 6.5, which
is very close to the STM point of zero charge
(pHpzc = 6.6, Regenspurg et al. 2004), which might have
generated a slightly positive to neutral surface charge that
is unsuitable for FeOH" (dominant Fe(Il) species at pH
~7, Liu et al. 2005, 2009) adsorption on its surface.

@ Springer
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Fig. 3 X-ray diffractograms of transformed products and original, as
marked in a, of As(Ill)-loaded schwertmannite (SHM-As) at a 0.0,
b 0.4,¢0.7 and d 1.0 mM Fe(Il),q. The diffractograms from bottom to
top represent transformed products after 58, 106, and 154 h,
respectively. The y-axis is intensity. The sharp peak at ~0.336 nm
in a few samples, especially in 0 mM Fe(Il),;, may be due
background noise

Lakind and Stone (1989) demonstrated an increase in
deprotonated sites on iron mineral surfaces with increased
pH. The alkaline pH used in this study must have devel-
oped a negative charge, favoring FeOH" or Fe(OH), sur-
face adsorption and reduced dissolution of STM, which
hindered SO,>~ release compared to observations in the
absence of Fe(ID),q (0 mM). A closer look into the SO42_

@ Springer
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Fig. 4 Fourier transformed IR spectra of the transformed products of
SHM and SHM-As at a 0.0, b 0.4, ¢ 0.7, and d 1.0 mM Fe(Il),q. The
original IR spectrum of schwertmannite (SHM) is shown in a (marked
as original). The spectra from bottom to top represent transformed
products after 5, 58, and 154 h for SHM and 154 h for SHM-As. The
y-axis represents transmission

release profiles (Fig. 6a) clearly showed that aqueous
SO427 concentrations increased with time, and more
release was observed in the presence of 1.0 mM Fe(Il),q,
compared to 0.4 mM Fe(ll),q from both specimens, indi-
cating that although STM dissolution was reduced in the
presence of Fe(I),q due to rapid adsorption, the higher
Fe(Il) surface enrichment triggered STM dissolution,
causing a slow, enhanced SO42_ release.
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Fig. 5 Scanning electron
microscopic images of
transformed products of
schwertmannite (marked as
SHM) and As(III) loaded
schwertmannite (marked as
SHM-As) after 154 h in
presence of at 0.0 (a), 0.4 (b),
0.7 (¢) and 1.0 mM (d) Fe(Il)yq.
The original SEM images
before ageing are shown in
Fig. 1
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Arsenic Mobilization

A fraction of the sorbed As(III) was mobilized during
SHM-As transformation; the rate of release was time
dependent, with the maximum amount released in the
presence of 1.0 mM Fe(Il),q comprising only ~0.02 %

(~21 ug L™") of the sorbed solid phase fractions
(Fig. 6b). Consistent with similar observations during STM
to Gt transformation (Acero et al. 2006; Burton et al.
2010), the well-crystallized Lp formation in the presence of
1.0 mM Fe(l),q, compared to that formed with
0.0-0.7 mM Fe(ID,q, might have a lower As(Ill) affinity

@ Springer
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Fig. 6 Plot showing amount of sulphate released at various Fe(Il),q
concentrations from a schwertmannite and As(II)-loaded schwert-
mannite and b amount of As(T) mobilized from As(III)-loaded
schwertmannites (SHM-As)

compared to precursor STM. Also, because STM was also
found along with Lp, it is likely that most of the immo-
bilized solid bound As(III) was still incorporated within the
STM. More crystalized minerals (e.g. STM vs. Lp) are
believed to have lower trace metal retention affinities
(Courtin-Normade et al. 2005). Further, Fe(Il) adsorption
on iron oxide surfaces is believed to increase particle size
significantly (Jonsson et al. 2005; Pederson et al. 2005),
which might have reduced the sorption capacity of trans-
formed products. Thus, released As(II) during SHM-As
dissolution did not readsorb onto Lp due to its poor affinity
and/or larger particle size, possibly explaining the higher
As(IIT) release as SHM-As transformed to Lp.

Possible Schwertmannite-Lepidocrocite
Transformation Mechanism

Although Gt is reported as a common abundant end
product during Fe(Il)-catalyzed STM transformation, Lp
constituted a minor phase from the previous research (e.g.
Burton et al. 2007, 2008) or was even not formed in the
presence of 10 mM Fe(Il),q after 9 days (Burton et al.
2010). The formation of Lp is still controversial, as many
researchers believe that Lp never forms from ferric species
(Jolivet et al. 2006), while others have reported formation
from oxidation of Fe(II) (Cornell and Schwertmann 2006).
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Previous researchers have demonstrated two possible
mechanisms for transformation of poorly crystalline/
amorphous iron oxides to well crystalized thermodynami-
cally stable forms, i.e. dissolution/re-precipitation and
solid-state  transformation.  Solid-state transformation
commonly occurs when the precursor and transferred
product are of identical crystal structure (e.g. Fh—Hm
transformation; Andreeva et al. 1995; Cudennec and Lecerf
2006; Liu et al. 2005, 2007a, b; Schwertmann et al. 1999;
Yee et al. 2006) and is favored at high temperature con-
ditions (Henderson and Sullivan 2010). Formation of Lp in
the current experimental conditions demonstrates that an
absolute solid-state transformation might not have occurred
because of the different crystal structure of STM (tetrag-
onal) and Lp (orthorhombic) (Cornell and Schwertmann
2006) and the room temperature. However, this process
cannot be completely overruled, considering the lower
SO42_ release in the presence of Fe(Il),q compared to that
in the absence of Fe(Il),q. If Lp formation were happening
only due to the dissolution-reprecipitation mechanism, the
complete Fe(Il),; adsorption within 5 h should have
resulted in elevated SO,>~ concentrations in the Fe(ID.q
reactors, since dissolved Fe(Il) catalyzes STM dissolution
(Burton et al. 2007, 2010). On the other hand, although
higher SO4>~ release was observed in the absence of
Fe(Il),q, indicating better STM dissolution, formation of Lp
was not evident from XRD, IR, and SEM observations.
Thus, it may be that the rapid adsorption of Fe(Il)yq
reduced dissolution but facilitated solid-state transforma-
tion by electron transfer between adsorbed Fe(II) and the
Fe(IIl) crystal lattice (Jeon et al. 2003; Williams and
Scherer 2004). Fe(lll),q was not found in this study. This
generally indicates dissolution (Liu et al. 2005, 2007a, b),
but while a Fe(IIl) precipitate could have rapidly formed,
the elevated aqueous SO4>~ concentrations clearly dem-
onstrates dissolution. Close observation of aqueous SO42_
profiles between 0.4 and 1.0 mM (Fig. 6a) demonstrates
higher dissolution in the presence of higher Fe(I),q. As
Fe(I) surface loading increased at elevated Fe(Il),q, it
could have led to more electron transfer between Fe(II) and
Fe(III), which would have increased dissolution rates sig-
nificantly (Larsen and Postma 2001; Suter et al. 1991). The
complete adsorption of added Fe(I),; on STM surfaces
within 5 h, without any evidence of new phase formation,
indicates that adsorbed Fe(Il),q took part in the electron
transfer process on the surface, which is considered a slow
kinetic process where the electron from the adsorbed Fe(I)
transfers into the crystal lattice of STM releasing Fe(IIl).
As the Fe(II)-O bond is more labile than Fe(III)-O bond,
the presence of additional electrons on the crystal lattice
would have decreased the stability of STM and led to
dissolution (Pederson et al. 2005).
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A pH close to the pHp,c favors solid state transforma-
tion due to low solubility (Liu et al. 2005; Schwertmann
et al. 1999). The current experimental pH was slightly
higher than the literature-reported pHpzc values
(pHpzc = 6.6, Regenspurg et al. 2004; pHpyc = 7.2,
Jonsson et al. 2005), which should favor solid state trans-
formation. Similar to Gt, Lp is generally believed to form
by a dissolution-reprecipitation process (Cornell et al.
1989; Schwertmann et al. 1999). As the present experi-
ments were conducted at room temperature (22 + 2 °C),
conditions might not have favored a dehydration reaction
causing a solid-state transformation as proposed by
Schwertmann et al. (1999) and Liu et al. (2005). Thus, the
current observation might be due to both processes having
governed the overall transformation, or one predominant
controlling process.

Fe(OH), is believed to be the predominant species at pH
>7.4 (Martell and Smith 1982; Morgan and Lahav 2007),
which accelerates solid state transformation, compared to
dissolution-reprecipitation on Fe(Ill) minerals, based on
previous studies (Liu et al. 2005). Hence, the two processes
might have acted together. In the dissolution-reprecipita-
tion processes, the dissolved Fe(II) might have been rapidly
adsorbed on STM, blocking the surface for aggressive
dissolution. The adsorbed Fe(II) then might have transfered
into the Fe(Ill) crystal lattice through electron transfer,
releasing Fe(I) as Fe(OH)*" or Fe(OH)3 into solution,
which then precipitated as Lp. In solid-state transforma-
tion, the adsorbed Fe(Il) favors electron transfer, which
accelerates STM transformation, as was clearly observed in
the presence of 1.0 mM Fe(Il),q, where Lp was formed,
compared to what occurred with less or no Fe(ID),q.

Conclusions

This study has potential implications for understanding
schwertmannite metastability in anoxic alkaline environ-
ments. Schwertmannite may undergo morphological deg-
radation at alkaline pH without transformation to any new
iron (hydr)oxides in the absence of dissolved ferrous iron,
while the presence of at least 700 pM Fe(II),q can lead to
schwertmannite transforming to lepidocrocite within
4 days. Schwertmannite transformed incompletely to lepi-
docrocite at pH 8. Lepidocrocite formation was accelerated
by increased dissolved ferrous iron concentrations, possi-
bly by catalytic effects through schwertmannite dissolution
and reprecipitation of lepidocrocite crystallites and/or
through solid-state electron transfer between adsorbed
Fe(Il) and the Fe(Ill) crystal lattice. Schwertmannite that
already contains adsorbed As(II) was found to be rela-
tively resistant to the catalytic effect of Fe(Il),q, slowing
down lepidocrocite formation.
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